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Abstract 
Beam size is one of the major characteristics of any electron beam system. Accuracy and resolution of SEM and an EBL system 
directly depend on beam diameter; it should be monitored and tuned frequently. Currently used methods are not accurate and are 
operator dependent. A technique is described to determine beam size using an automatic procedure. In the developed method, a 
specially designed and fabricated test pattern is scanned using an e-beam. A spectra of the signal is analyzed; beam diameter is 
automatically determined using a software program. Results of design, fabrication, and analysis of the beam calibration test 
pattern are presented.  © 2008 Elsevier B.V.
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1. Introduction 
The performance of electron-beam lithography (EBL) systems and scanning electron microscopes (SEM) greatly 
depends on the beam diameter, astigmatism, and the current distribution within the beam. Consequently, beam size 
should be monitored and tuned frequently, but the most widely used technique to measure beam size, edge detection, 
is not accurate, and more than it is operator dependent. In this method, a beam is scanned across a sharp edge; the 
resulting SEM signal is differentiated (see Fig. 1a) and this profile is then widely believed to represent the shape of 
the beam. However, the edge technique involves two major errors:  
 
(a) It is a subject to an “area” error due to variable region cut by the edge which produce the SEM signal. As a 
result, for non-rectangular beams, the width of the differentiated SEM signal is smaller than the actual beam 
size, see Fig. 1b. 
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(b) Secondary electrons are scattered from the edge producing a significant peak in SEM signal at the edge, as 
demonstrated in Fig. 1c. This effect leads to negative values of differentiated SEM signal and is especially 
important for small beams. 
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Fig. 1.  Beam size measurement when using common edge technique: (a) edge is scanned, SEM signal is differentiated; 
(b) problem arises from variable area covering the edge during beam scan; 
(c) problem from the SEM peak at the edge; the peak is due to emission of secondary electrons from the edge. 
 
Image power spectrum methods can be used to improve and simplify beam measurements. Analytical methods 
based on Fourier transform analysis have been developed [1,2]; however, they are not yet reliable enough, especially 
when applied to small beams. Also, as a rule, spectral methods only allow the measurement of beams of a size equal 
to or larger than the minimum feature size of a pattern. Using a pattern with known spectral characteristics 
fabricated specifically for beam measurements was recently reported [3], and represents a promising approach for 
beam measurement. An accurate technique to measure beam size was developed, which employs spectral analysis of 
images acquired using both transmission and backscattered detectors [4]. 
 
BEAMETR (Beam Metrology) is a technique that employs a pre-fabricated pattern and special software to 
measure the beam size. In the developed method, the pattern is scanned using an e-beam; the power spectrum of the 
signal is analyzed and the beam size in two directions (x,y) is automatically determined using a specially developed 
program. Results of design, fabrication, and analysis of the beam calibration test pattern are presented. 
 
2. Mathematical model 
An SEM image can be considered as a convolution of an ideal pattern with a shape of an e-beam as a kernel: 
 
 
(a) 
(b) 
(c) 
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where I(x,y) is the binary image, kernel h(x.y) is current distribution within the electron beam, and  I’(x,y) is a 
resulting SEM image. The resultant power spectrum can be represented by  
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therefore   
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In principle, this formula allows us to find the profile of the electron beam using an ideal image and its SEM 
image. In reality, the mathematical task of restoring a kernel h(x.y) is an ill-posed problem, because the SEM image 
involves aberrations; also the alignment of initial binary image I(x,y)  with an SEM image I’(x,y) cannot be done 
perfectly. These effects distort the phase components of the spectra and as a result, the formal solution would 
involve a significant error. 
 
A practical way for to find a kernel of the equation (2) is to use the Tikhonov regularization method [1]: 
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where 222 )(),( yxyx ffffM += , 0>α  is regularization parameter.  When the parameter is chosen correctly, the 
solution is stable independent on the factors described above. 
 
When the beam shape is described by a parametric model, for example, a Gaussian, then the described procedure 
can be simplified and made insensitive to any inaccuracy of alignment between the ideal and actual images. Let us 
consider autocorrelation functions  K[I](x,y),  K[I’](x,y) and  K[h](x,y)  calculated for functions  I(x,y),  I’(x,y), and  
h(x,y)  correspondingly. 
 
Because the  
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then the following relationship can be written using equation (2):  
 ),]([~),]([~),]('[~ yxyxyx ffIKffhKffIK ⋅= , (5) 
and the spectrum of the autocorrelation function of the beam shape is   
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Beam shape parameters can be found using the autocorrelation function of the beam intensity. The equation (6) is 
subject to all the normal restrictions regarding an ill-posed problem. 
 
The regularization allows for the following calculation formula:  
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One more effect is influencing the result is a peak of intensity at edges of a pattern. These peaks result from the 
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excess generation of secondary electrons from the pattern walls. If this effect is neglected, then determined sizes of 
electron beams become larger than they actually are. The Tikhonov regularization method allows for taking the edge 
effect into consideration. In order to do this an ideal binary image is first convolved with an edge effect function; 
then the resulting image is used as a known image in the regularization procedure.  The convolution of the image 
involving an edge effect with beam kernel turned out to be an acceptable model to describe electron scattering 
effects. 
 
The edge effect function depends on materials and accelerating voltage. The function was simulated using 
commercial Monte Carlo software CHARIOT [5] (Fig. 2) for variety of materials used in the fabrication of a test 
pattern and for variable accelerating voltages to be used in metrology. In BEAMETR software, the acceleration 
voltage is a parameter specified by a user according to that used in SEM or EBL system. 
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3. Design and Fabrication of Test Pattern  
A specially designed and fabricated test pattern is used for BEAMETR. The design includes optimization of the 
pattern with regards to its spectral characteristics, as well as a targeted range of beam diameters and deflection 
system characteristics. The main principle of the design is to provide a flat modulation transfer function for an 
original pattern. The pitch of the grating is varied so that this requirement is met. In general, it is possible to extract 
beam characteristic from any known pattern, however a flat transfer function makes the extraction procedure more 
straight forward. 
 
In order to determine astigmatism in x and y directions, the grating is written in orthogonal directions. If 
astigmatism needs to be determined in all radial directions, an additional grating at 45 degrees has to be written, 
which is a subject of future work. 
 
Gratings were scaled and placed within one overall pattern, and marks were added to gratings of variable scale. 
The range of beam sizes that can be measured using one pattern was extended in this way. With a minimum feature 
size of 35 nm, the design allowed the metrology of beam sizes from 4 nm to 300 nm. Fabrication of smaller lines 
would extend the metrology range toward smaller beam sizes. 
 
Direct write electron beam lithography with 50 keV Gaussian beam was used. A double layer resist was exposed 
and developed followed by a lift-off process to fabricate gold pattern on silicon. The finished pattern is shown in 
Fig. 3. The minimum feature size is 35 nm, which was done reproducibly. Proximity effect correction was needed 
Fig. 2.  Monte Carlo simulation of a signal at the edge of gold 
on silicon, at 1 KeV and 20 KeV.  Signals are normalized on 
emission coefficient from gold. 
Fig. 3.  Fabricated pattern involves gratings in horizontal 
and vertical directions with variable pitch size. Minimum 
feature size is 35 nm. 
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for resolving the lines and for good reproducibility. 
4. Software analysis 
Software was developed that employs the mathematical procedures described above. The software included an 
image recognition module, which selected a specified portion of the test pattern to be used for spectral analysis. 
After an area of interest is extracted, averaging and noise cancelling are done using the same image; no additional 
image acquisition is needed. 
 
The scale calibration of the SEM image is performed automatically, knowing the designed pattern. 
 
A few practical problems were solved in order to make the software robust. One of them is related to the image 
distortions that are normally encountered in SEM imaging and lithography tool. Even though the pattern size is 
small, the initial analysis of SEM pictures revealed that the distortion was significant.  The software can work with a 
distorted image by using “flexible” gratings in the analysis rather than a fixed designed pattern. 
 
5. Software Validation 
The developed software was tested in the following way. Our specially designed pattern was convolved with 
beams of variable diameters and the edge effect was also simulated using CHARIOT Monte Carlo software [6]. 
Images resulting from this convolution with known beam size were taken as an input by BEAMETR software and 
the beam sizes in x and y were extracted. The result of this test is shown in Fig. 4. A known beam size used in 
convolution is plotted in x; the result of a software is plotted in y. The results demonstrated good accuracy, 
sufficient for practical purposes of beam metrology. 
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Fig. 4.  Test of a software: BEAMETR pattern was convolved with a beam shape and an edge function, beam size was varied. Beam shape was 
then determined from blurred images using spectral analysis method for ill-posed problem. Determined beam size is plotted as a function of 
actual beam size used for convolution. 
 
SEM images were taken at variable beam defocus and with astigmatism. The software took these images for 
analysis and measurement results were extracted. Examples of SEM images are presented in Fig. 5 a-c for beam 
sizes of 8 nm, 22 nm, and 41 nm respectively, recorded on a  LEO SUPRA 25 scanning electron microscope at 
acceleration voltage of 20 kV.  
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 (a)  8 nm beam size. (b)  22 nm beam size. 
 
 
(a)  41 nm beam size. 
Fig. 5.  SEM pictures of a pattern imaged using variable beam size at 20 KV:  (a) 8 nm, (b) 22 nm, (c) 41 nm. 
 
6. Summary 
In electron beam lithography and scanning microscopy, beam size monitoring is an important requirement. The 
technique developed here enables automation of beam metrology by employing frequency analysis method to 
extract beam parameters from a specially designed pattern. A test pattern with 35 nm minimum feature size was 
fabricated. The pattern can be placed on a stage permanently; an image of the pattern and extraction of beam sizes 
can be taken as often as needed. 
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